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ABSTRACT
FiberDistributed DataInterface (FDDI) is a100megabits per secondber optic local area
network (LAN) standardbeing developed by the AmericanNational Standard Institute
(ANSI).
We analyze the impact of various designdecisions onthe error detectioncapabilityof the
protocol. Inparticular, we quantifyframe error rate, tokenloss rate, andundetectederror
rate. Several characteristics of the 32-bit frame check sequence (FCS) polynomial, which
is also usedinIEEE802LANprotocols, are discussed.
The standarduses a \non-return to zero invert on ones" (NRZI) signal encoding and a
4 bit-to-5 bit (4B/5B) symbol encoding inthe physical layer. Due to the combinationof
NRZI and4B/5Bencoding, manynoise events are detectedbycode (or symbol) violations.
Alarge percentage of errors is also detected by framing violations. Some of the remain-
ing errors are detected by FCSviolations. The errors that escape these three violations
remainundetected. The probability of undetected errors due to creationof false starting
delimiters, false ending delimiters, or merging of two frames is analyzed.
It is shownthat every noise event results intwo code-bit errors, whichinturnmayresult
inup to four data-bit errors. The FCScandetect up to two noise events. Creationof a
false starting delimiter or ending delimiter ona symbol boundaryalso requires two noise
events. This assumes enhanced frame validity criteria. We justify the enhancements by
quantifying their eect.
This analysis here is limitedtonoise events not resultinginachange of symbol boundaries.
Extensions to the case of changedsymbol boundaries is continuingandwill be presented
at a later time.
Version: July25, 1990
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1 Introduction
The Fiber DistributedData Interface (FDDI) is a 100 megabits per secondring network
standard being developed by the American National Standard Institute (ANSI) [2,17].
The standarduses optical bers as the transmissionmediumandallows rings withdefault
maximumsize of 1000 physical connections with a total ber path length of up to 200
kilometers 1. FDDI uses a timed tokenmedia access protocol proposed by Grow[4]. A
number of papers have recently beenpublishedto analyze the performance and to prove
certainoperational characteristics of FDDI [1,9,18,20].
Optical ber is known to have a lower bit error rate (BER) than the traditional copper
wire. FDDI specications require each ber segment to have a bit error probability of
less than2.5E-10. The data encoding andframe formats have several reliability features
that allowdetection of errors and isolation of faults [11]. In particular, a \non-return
to zero invert on ones" (NRZI) encoding is used to convert binary code-bits to optical
pulses, ve code-bits are combined to represent a symbol of four data-bits; and a frame
check sequence (FCS) is usedto check the integrity of the frame, whichis delimitedby a
starting delimiter consisting of two control symbols andanending delimiter consisting of
one control symbol. This paper quanties the combinedimpact of these designdecisions
ondetectedandundetectederror rates.
We analyze the impact of noise in the optical signal on data-bits. It is shown that a
single noise event may result in up to four data-bit errors. Several characteristics of the
FCSpolynomial are discussed. Undetected errors (UE) due to creationof a false starting
delimiter, a false ending delimiter, or mergingof two frames into one are analyzed.
The FDDI standards committee plans to enhance MACspecications to improve the ro-
bustness of frame delineationinorder to reduce the probabilityof undetectederrors based
onanearlier versionof this analysis. Afootnote describingthese enhancement has already
beenaddedtoMAClayer specications (see p. 40 [2]). Inthis paper, we assume this en-
hancedversionof MACspecications. We also quantify the eect of these enhancements.
1These are default maximumvalues specied i n the standard for the purpose of cal cul ati ng defaul t timer
setti ngs. Rings l arger as wel l as smal l er than the defaul t si ze may be bui l t. In the remainder of thi s paper,
the termmaxi mumwhen used wi th parameter val ues shoul d be i nterpreted as the def aul t maxi mumrather
than as a l imi t.
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2 FDDI En c o d i n gs
FDDI uses a seri al baseband transmi ssi on systemthat combi nes the f unct i ons of data and
cl ock transmi ssi on. Data recovery of thi s seri al code- bi t st reamal so provi des recovery of
synchroni zi ng cl ock i nf ormat i on.
The opt i cal s i gnal s on the FDDI bers use NRZI encodedpul ses, where a pol ari ty transi t i on
represents a l ogi cal \1" (one) . The absence of a pol ari ty transi t i on denotes a l ogi cal \0"
(zero) . These l ogi cal ones and zeros are cal l ed code-bits. Fi ve consecut i ve code- bi t s are
grouped to f orma symbol. Each symbol thus consi st s of ve code-bits. The termcode cel l
i s used to denote the t i me i nterval of one code- bi t . The recei vi ng l ogi c detects the changes
i n opt i cal s i gnal l evel s f romone cel l to the next .
The 5- bi t symbol s provi de 32 possi bl e bi t combi nat i ons. As shown i n Tabl e 1, three of
these symbol s are reserved as l i ne state symbol s f or use on the medi umbetween f rame
transmi ssi ons; ve symbol s are used as control characters f or f rame del i mi t i ng and status
i ndi cat i on; 16 symbol s are used f or data transmi ssi on wi thi n f rame boundari es; and the
remai ni ng ei ght symbol s are not used.
Detect i on of l i ne state symbol s (Qui et , Hal t , and Idl e) wi thi n a f rame pre- empts and
abnormal l y termi nates any data transmi ssi on sequence i n progress. Control symbol s are
named J, K, T, R, S. Each f rame starts wi th a start i ng del i mi ter consi st i ng of the two
symbol s JKand ends wi th an endi ng del i mi ter consi st i ng of a Tsymbol . The f rame al so
has a vari abl e number of f rame status i ndi cators f ol l owi ng the endi ng del i mi ter. Each of
these status i ndi cators can take onl y two val ues - set or reset . Symbol s S and Rare used
to i ndi cate set and reset , respect i vel y.
Adata symbol conveys one quartet ( f our data- bi t s) of arbi t rary data wi thi n a f rame. The
el ements of the 16 data symbol s are denoted by the hexadeci mal di gi t s (0- F) .
The code groups i n 4B/5B encodi ng have been chosen so that duri ng normal data trans-
mi ssi on the DCcomponent vari at i on i s l ess than10% f romthe nomi nal center [ 13] . There
are at l east two transi t i ons per transmi tted symbol and a transi t i on i n the opt i cal s i gnal
occurs at l east once every three cel l s , provi di ng a cel l - to- cel l run l ength of three duri ng
f rame transmi ssi on. Si nce edges ( t ransi t i ons) occur i n the mi ddl e of a cel l contai ni ng a
one, the \edge- to- edge" run l ength i s f our. The bounded run l ength makes the si gnal
sel f - cl ocki ng and si mpl i es cl ock recovery. Thus, symbol s wi th three or more consecut i ve
zero code- bi t s are not used as data symbol s. The start i ng del i mi ter symbol pai r JKhas
been chosen so that i t wi l l be recogni zed i ndependent of the previ ousl y establ i shed symbol
boundari es. I n other words, code- bi t sequence \1100010001" starts a newf rame regardl ess
of whether i t occurs on a symbol boundary or not . The recei vi ng l ogi c of the physi cal l ayer
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Table 1: 4B/5BCode
Code Symbol Assignment
Bi ts
Data Symbol s:
11110 0 0000
01001 1 0001
10100 2 0010
10101 3 0011
01010 4 0100
01011 5 0101
01110 6 0110
01111 7 0111
10010 8 1000
10011 9 1001
10110 A 1010
10111 B 1011
11010 C 1100
11011 D 1101
11100 E 1110
11101 F 1111
Li ne State Symbol s:
00000 Q Qui et
11111 I Idl e
00100 H Hal t
Control Symbol s:
11000 J 1st of sequent i al SDpai r
10001 K 2nd of sequent i al SDpai r
01101 T Used to termi nate the data stream
00111 R Denot i ng l ogi cal zero (reset )
11001 S Denot i ng l ogi cal one (set )
Inval i d Code Assi gnments:
00001 VH The code patterns marked Vor VH
00010 VH shal l not be transmi tted because
00011 V they vi ol ate consecut i ve code- bi t
00101 V zeros or duty cycl e requi rements.
00110 V Code marked VHshal l however be
01000 VH i nterpreted as Hal t when
01100 V recei ved.
10000 VH
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SD FC ED
SD = Start i ng Del i mi ter (2 symbol s)
FC = Frame Control (2 symbol s)
ED = Endi ng Del i mi ter (2 symbol s)
Fi gure 1: FDDI Token Format
(PHY) uses the i ncomi ng JKsequence to establ i sh symbol boundari es.
The Hal t symbol i ndi cates a f orced l ogi cal break i n act i vi ty on the medi um, whi l e mai n-
tai ni ng ACbal ance on the transmi ssi on medi um. Acont i nuous streamof Hal t symbol s i s
sent by a stat i on to si gnal i t s presence on the outbound physi cal l i nk to the nei ghbori ng
stat i on and to di sabl e the associ ated physi cal connect i on wi thout assert i ng control .
The Vi ol at i on symbol Vdenotes a condi t i on on the medi umthat does not conf ormto any
other symbol i n the symbol set . Vi ol at i on symbol s are not al l owed to be transmi tted onto
the medi um. The recei pt of vi ol at i on symbol s may resul t f romvari ous error condi t i ons
or duri ng ri ng cl ock synchroni zat i on sequences. The ei ght symbol s l i sted as i nval i d code
assi gnments are not al l owed to be transmi tted because they vi ol ate the run l ength or duty
cycl e requi rements.
The IEEE 802. 5 networks use a di erent i al Manchester encodi ng scheme i nstead of the
FDDI 's 4B/5Bwi th NRZI encodi ng. The di erent i al Manchester encodi ng i s ri ch i n tran-
si t i ons, whi ch si mpl i es the task of deri vi ng the si gnal cl ock. However, i t resul t s i n two
pul ses per data- bi t and i s, theref ore, onl y 50%eci ent . Wi th Manchester encodi ng, the
FDDI opt i cal components and phase- l ocked l oop woul d have to run at a si gnal i ng rate of
200 Mbaud. Instead, FDDI uses the 4B/5B encodi ng scheme, whi ch i s 80%eci ent and
requi res onl y 125 Mbaud components [ 13] .
3 FDDI Pr o t o c o l Dat a Un i t s
Two protocol data uni t s (PDU) f ormats are used by FDDI MAC: tokens and f rames. Each
PDUi s preceded by a preambl e consi st i ng of several I dl e symbol s. The si ze of the preambl e
vari es as PDUtravel s around the ri ng and stat i ons i ncrease or reduce preambl e to oset
cl ock f requency di erences f romthei r upstreamnodes. The remai ni ng part of the token
and f rame f ormats are shown i n Fi gures 1 and 2 respect i vel y.
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SD FC DA SA INFO FCS ED FS
SD = Start i ng Del i mi ter (2 symbol s)
FC = Frame Control (2 symbol s)
DA = Dest i nat i on Address (4 or 12 symbol s)
SA = Source Address (4 or 12 symbol s)
INFO = Inf ormat i on (0 or more symbol pai rs)
FCS = Frame Check Sequence (8 symbol s)
ED = Endi ng Del i mi ter (1 symbol )
FS = Frame Status (3 or more symbol s)
Fi gure 2: FDDI Frame Format
As shown i n Fi gure 1, the token consi st s of a start i ng del i mi ter (SD) , a f rame control (FC)
el d, andan endi ng del i mi ter (ED) . The start i ng del i mi ter i s the symbol pai r JK. The f rame
control el d must be ei ther 1000- 0000 (non- rest ri cted token) or 1100- 0000 (rest ri cted to-
ken) . The non- rest ri cted token i s the normal token al l owi ng asynchronous bandwi dth to be
t i me- sl i ced among al l requesters. The restri cted token al l ows al l asynchronous bandwi dth
to be dedi cated to a si ngl e extended di al og between speci c requesters [ 2] . The endi ng
del i mi ter f or tokens consi st s of two Tsymbol s.
The f rame consi st s of a SDof two symbol s JK, an FCof two symbol s other than 1X00
0000, a dest i nat i on address el d of 4- or 12- symbol s, a source address el d of 4- or 12-
symbol s, INFOel d of zero or more symbol pai rs, a f rame check sequence (FCS) of ei ght
symbol s, an EDof one T symbol , f ol l owed by three or more f rame status (FS) i ndi cator
symbol s. For detai l s on i nterpretat i on of these el ds, see FDDI MACspeci cat i ons [ 2] .
The rst three control i ndi cators of the f rame status el d i f present are used to i ndi cate
error detected (E) , address recogni zed (A) , and f rame copi ed (C) .
The E i ndi cator i s t ransmi tted as Rby the stat i on that ori gi nates the f rame. Al l stat i ons
on the ri ng i nspect repeated f rames f or FCS errors. I f an error i s detected and the recei ved
Ei ndi cator was not Set , then an error i s counted. The Ei ndi cator i s set to S by a repeat i ng
stat i on when an FCS error i s detected i n the f rame.
The A i ndi cator i s t ransmi tted as Rby the stat i on that ori gi nates the f rame. I f another
stat i on recogni zes the dest i nat i on address as i t s own i ndi vi dual or group address, i t set s
the Ai ndi cator to S; otherwi se, a repeat i ng stat i on transmi ts thi s i ndi cator as recei ved.
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The C i ndi cator i s t ransmi tted as Rby the stat i on that ori gi nates the f rame. I f another
stat i on recogni zes the dest i nat i on address as i t s own and copi es the f rame i nto i t s recei ve
buer, i t set s the Ci ndi cator to S; otherwi se, a repeat i ng stat i on transmi ts thi s i ndi cator
as recei ved.
4 Fr a me Va l i d i t y Cr i t e r i a
The anal ysi s presented i n thi s paper assumes the f ol l owi ng enhanced f rame val i di ty cri teri a.
Acode- bi t sequence i s consi dered a val i d f rame i f
1. I t i s a f rame, i . e. , i t has a Start i ng Del i mi ter (JK) , has an FCother than 1X00 0000,
has zero or more addi t i onal data symbol s, and has an endi ng del i mi ter (T) . Here, X
i s ei ther 0 or 1, r i s reserved f or standardi zat i on and shoul d be set to zero.
2. I t has a val i d data l ength.
3. I t has an FC=0X00 r000 or XX10 XXXX, or has correct FCS.
4. The endi ng del i mi ter (T) i s f ol l owed by an E i ndi cator wi th val ue R.
The rst three cri teri a above are same as those stated i n the standard ( [ 2] , p. 40) . The
f ourth cri teri a i n an enhancement whi ch reduces the probabi l i ty of a noi se on one l i nk
val i dat i ng a previ ousl y i nval i d f rame.
Based on an earl i er versi on of the anal ysi s presented here, the standard commi ttee has
added a f ootnote to the standard ( [ 2] , p. 40) i ndi cat i ng i t s i ntent to enhance the f rame
val i di ty cri teri a.
One i mpl i cat i on of the above cri teri a i s that each stat i on on the ri ng shoul d i nspect the E
i ndi cator and handl e i t as f ol l ows:
1. I f FCi s nei ther 0X00 0000 nor XX10 XXXXandFCS i s i ncorrect , set the Ei ndi cator.
2. Al though stat i ons on the ri ng can set the E i ndi cator, they shoul d never reset the
i ndi cator. Thi s appl i es even i f the FCS checks out OK.
3. I f the E i ndi cator i s not Ror S, i t shoul d be changed to S. Thi s appl i es even i f FCS
i s correct .
Later we wi l l quant i f y the eect of these enhancements and showthat the undetected error
rates may not be acceptabl e wi thout these.
7
5 Ta xo n o my , No t a t i o n , a n d As s u mpt i o n s
I n thi s sect i on we dene some of the terms used i n the remai nder of thi s paper.
We use the terml ink to denote al l opt i cal components f romthe transmi t f unct i on of one
PHY ent i ty to the recei ve f unct i on of of the adj acent PHY ent i ty. The l i nk error rate
i ncl udes errors i n the ber, connectors, opt i cal recei ver, and the opt i cal t ransmi tter.
As expl ai ned bef ore, the FDDI uses a 4B/5B encodi ng to convert f our data- bi t s to ve
code- bi t s. The code- bi t s are l i mi ted to the PHYl ayer. The medi a access control (MAC)
l ayer deal s onl y wi th symbol s and data- bi t s. The term\bi t" i s used wi thout a qual i er i n
thi s paper, i f i t i s cl ear f romthe context whether i t i s data- bi t or code- bi t .
Anoise event causes the recei ver to mi sj udge the opt i cal s i gnal l evel , i . e. , \on" (or hi gh)
may be i nterpreted as \o" (or l ow) and vi ce versa. We assume a non- bursty model f or
noi se events, i n that each event aects si gnal recept i on duri ng onl y one code- cel l durat i on.
As we wi l l see l ater, a si ngl e noi se event resul t s i nto two code- bi t errors and one to f our
data- bi t errors.
We use the f ol l owi ng notat i on:
L = Number of l i nks i n the ri ng
l = Number of l i nks between the source and dest i nat i on of a f rame
p = Noi se event probabi l i ty per l i nk (Li nk BER)
F = Frame si ze i n code- bi t s
B = Li nk bandwi dth i n code- bi t s/second =1. 25E+8 f or FDDI
D = Ri ng l atency
P(x) = Probabi l i ty of event x
MT(x) = Mean t i me between events x
FDDI standard speci es the f ol l owi ng def aul t maxi mumval ues of the ri ng parameters. The
maxi mumnumber of l i nks on the ri ng i s 1000 (L  1000) . The maxi mumf rame si ze i s 9000
symbol s (F  45000 code- bi t s) . The si ze i ncl udes f our Idl e symbol s i n the preambl e and si x
control symbol s i n SD, ED, and FS el ds ( [ 2] , sect i on 4. 3. 5) . The remai ni ng symbol s are
data symbol s. The maxi mumri ng l atency i s 1. 773 mi l l i seconds. (The def aul t maxi mum
ri ng l atency was changed f rom1. 617 mi l l i seconds to 1. 773 mi l l i seconds i n revi si on 15 of the
PHYstandard [ 3] ) . The maxi mumal l owed ber l ink bi t error rate i s 2. 5E- 10. Thi s i s the
probabi l i ty of noi se events per l i nk and shoul d not be conf used wi th code- bi t or data- bi t
error probabi l i ty whi ch woul d be a mul t i pl e of thi s.
We make the f ol l owi ng assumpt i ons i n the anal ysi s presented here:
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1. Noise events are independent. That i s , occurrence of one noi se event does not change
the probabi l i ty of occurrence of the next noi se event . Thi s si mpl i es the anal ysi s
consi derabl y. Thi s i s a val i d assumpt i on i f the noi se i s most l y due to thermal causes,
whi ch are i ndependent i n nature.
2. Noise events are non-bursty. That i s , each event aects si gnal recept i on duri ng onl y
one code cel l . As shown l ater, thi s resul t s i n bursty errors i n the data- bi t s. Each
noi se event may resul t i n a data error burst as l ong as f our data- bi t s.
3. The l ink can be model ed as a binary symmetric channel (BSC). Thi s means that the
probabi l i ty of a \hi gh" l evel bei ng i nterpreted as \l ow" on recei pt i s the same as that
of a \l ow" si gnal bei ng i nterpreted as \hi gh".
4. Noise events do not add or del ete code-bits. Onl y mi si nterpretat i on of si gnal l evel s
are model ed. Addi t i on or del et i on of code- bi t s i s l ef t f or f uture studi es.
5. The noise event probabi l i ty p is smal l . Most expressi ons i n thi s paper present onl y
the l owest order termi n p . Hi gher order terms make a negl i gi bl e contri but i on i f p i s
smal l . Thi s i s not true i f p i s cl ose to 1. I n general , we assume that p LF  1, i . e. ,
p  1
(45000)(1000)
, or 1E- 9.
6. Al l data-bit patterns are equal l y l ikel y. I n part i cul ar, thi s i mpl i es that al l 16 data
symbol s (0- F) are equal l y l i kel y i n every data symbol posi t i on where data symbol s
are al l owed.
7. Data-bit errors in MAClayer el ectronic components are not model ed. We consi der
onl y errors caused bymi si nterpretat i onof opt i cal s i gnal l evel . El ectroni c components,
e. g. , buses, memori es, FCS l ogi c, etc can cause errors i n i ndi vi dual data- bi t s. Such
errors are not model ed.
6 On Ac c e p t a bl e Er r o r Ra t e s
The maxi mumacceptabl e detected and undetected error rates vary not onl y among ap-
pl i cat i ons and envi ronments but al so wi th t i me. As the LANtechnol ogy i s maturi ng, the
mi ni mumrequi red rel i abi l i ty and data i ntegri ty i s al so i ncreasi ng. Any speci ed numeri cal
val ue of maxi mumacceptabl e error rates i s bound to become outdated and even at the
t i me of speci cat i ons i t may not be appl i cabl e to some appl i cat i ons and envi ronments.
Nonethel ess, i t i s i mportant to set certai n wel l speci ed goal s to hel p sel ect the desi gn
al ternat i ves avai l abl e at the t i me. Thi s hel ps duri ng the desi gn phase i n rul i ng out many
al ternat i ves that wi l l not meet the goal s. Al so, i t hel ps i n set t i ng congurat i on l i mi ts by
rul i ng out the congurat i ons that wi l l not meet the requi rements. For FDDI , thi s pri nci pl e
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i mpl i es that the congurat i on l i mi ts (number of l i nks per ri ng, l ength of the l i nk, mi ni mum
acceptabl e qual i ty of l i nks, etc. ) and workl oad l i mi ts ( f rame l ength) shoul d be chosen so
that the resul t i ng perf ormance, rel i abi l i ty, i ntegri ty, avai l abi l i ty, and cost are acceptabl e.
I n thi s paper, we are concerned sol el y wi th the error rates and want to ensure that the
error rates f or any FDDI congurat i on and workl oad are reasonabl e.
Many transport protocol s today are desi gned to al l owa certai n percentage of packet l oss
due to congest i on and errors. An end- to- end (over many hops) f rame l oss rate of 1%
i s general l y consi dered acceptabl e. Amaj or part of thi s l oss i s al l ocated to congest i on.
Thus, a ber opt i c datal i nk wi th more than, say, 0. 1%f rame l oss due to error al one may
be consi dered unacceptabl e. For unrel i abl e medi a, such as radi o l i nks, one may ei ther
al l ocate a l arger share to error l oss, or desi gn hi gher l evel protocol s to be abl e to sustai n
a hi gher l oss rate.
Whi l e the detected errors are harmf ul i n that they requi re retransmi ssi ons resul t i ng i n
i neci ent use of resources, undetected errors have no bounds on the damage that they
may cause. The damage caused by undetected errors i n nanci al t ransact i ons or i n def ense
appl i cat i ons i s uni magi nabl e. One may, theref ore, l i ke to l i mi t the number of undetected
errors per year to l ess than, say, 1/1000; that i s , no more than one undetected error per
1000 years. For a manuf acturer, thi s i mpl i es that i f the manuf acturer sel l s several thousand
FDDI networks, i t wi l l resul t i n several undetected error cases per year, wi th each case
havi ng a certai n probabi l i ty of resul t i ng i n a l i abi l i ty sui t . For a user, such as a def ense
i nstal l at i on, thi s i mpl i es that i f the messages general l y pass through, say, one hundred
LANs, the overal l mean t i me between undetected errors wi l l be about ten years.
The error anal ysi s by nature tends to be pessi mi st i c. Thi s i s because the desi gners want
to ensure an \upper bound" on errors. Thi s i s unl i ke tradi t i onal perf ormance anal ysi s
( throughput or del ay anal ysi s) i n whi ch \average" perf ormance of an \average workl oad"
on an \average congurat i on" i s more meani ngf ul . For error anal ysi s , one woul d l i ke to
ensure that the error rates on al l val i d workl oads ( f rame si zes and arri val rates) and on
al l val i d congurat i ons (number of l i nks, l ength of l i nks, etc. ) do not exceed a maxi mum
acceptabl e error rate. We, theref ore, use the def aul t maxi mumcongurat i ons (e. g. , 1000
l i nks, 4500 octet f rames) as exampl es i n thi s paper. Appl i cat i ons i n whi ch the resul t i ng
error rates are unacceptabl e may f urther rest ri ct al l owabl e congurat i ons or workl oads.
We must poi nt out though that the anal ysi s presented here i s not a `worst case' anal ysi s .
For exampl e, we assume that al l data symbol s are equal l y l i kel y. For a worst case scenari o,
one coul d desi gn f rames consi st i ng sol el y of symbol s whi ch are more l i kel y to resul t i n
undetected errors.
I n the remai nder of thi s paper, we use the terml arge FDDI rings to denote thi s def aul t
maxi mumcongurat i on wi th l arge si ze f rames bei ng cont i nuousl y transmi tted on the ri ng,
unl ess speci ed otherwi se.
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7 Ee c t o f o n e n o i s e e ve n t
Bef ore we can compute the probabi l i t i es of detected and undetected errors i n f rames, we
need to study the i mpact of a si ngl e noi se event on a symbol i n detai l .
Consi der the exampl e of the symbol 0. I t consi st s of f our data- bi t s 0000 and usi ng the
4B/5B codi ng, i t i s encoded i nto the ve code- bi t s 11110, whi ch i n turn resul t i n the
transi t i on sequence shown i n Fi gure 3. Anoi se i n the opt i cal s i gnal may cause the recei ver
to mi sj udge the si gnal l evel duri ng the f ourth code- cel l , f or i nstance, and so the recei ved
code- bi t pattern i s 11101, whi ch i s i nterpreted as symbol F, or data- bi t s 1111. Thi s i s an
exampl e of a si ngl e noi se event resul t i ng i n f our data- bi t errors.
6
 
Noi se
Transi t i ons
Code- bi t s 1 1 1 1 0
Data- bi t s 0000
Symbol s 0
Sent
1 1 1 0 1
1111
F
Recei ved
Fi gure 3: Asi ngl e noi se event can cause up to f our data- bi t errors.
The key observat i on f romthe above exampl e i s that one noise event resul ts in two code-bit
errors. Thi s i s t rue f or al l cases. I f the noi se aects the transi t i on between two symbol s, i t
aects the l ast (5th) code- bi t of the rst symbol , as wel l as the rst code- bi t of the second
symbol .
Tabl e 2 l i st s the eects of a noi se on data symbol s. Si x possi bi l i t i es are l i sted f or each of
the 16 data symbol s. The rst and the l ast col umn l abel ed code- bi t s 1 and 5 correspond to
i ntersymbol errors, whi l e the mi ddl e f our col umns are f or i ntrasymbol errors. For exampl e,
the entry i n the rowl abel ed 3 and the col umn marked 4, 5 i s i nterpreted as f ol l ows. I f the
data symbol 3 (0011) i s aected by noi se so that i t s f ourth and f th code- bi t posi t i ons are
aected, the resul t i ng symbol i s A(1010) .
FromTabl e 2 we can compute the percentage of data symbol errors that resul t i n other
data symbol s, control symbol s, and vi ol at i ons. These percentages are l i sted i n Tabl e 3.
The percentages f or i ntrasymbol errors and i ntersymbol errors are gi ven separatel y. The
mi ddl e col umn l abel ed \count" i n thi s tabl e i s si mpl y the count of the resul t i ng symbol s
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Tabl e 2: Eect of Noi se on a Data Symbol
Ori gi nal Data- Code- Resul ti ng Symbol s
Symbol Bi ts Bi ts Bi t Posi t i ons Changed
1 1, 2 2, 3 3, 4 4, 5 5
0 0000 11110 6 V 8 J F I
1 0001 01001 S K V 7 4 VH
2 0010 10100 H V J 8 B 3
3 0011 10101 V T S 9 A 2
4 0100 01010 C 8 V V 1 5
5 0101 01011 D 9 R T VH 4
6 0110 01110 0 A VH VH T 7
7 0111 01111 I B V 1 V 6
8 1000 10010 VH 4 0 2 K 9
9 1001 10011 V 5 I 3 VH 8
A 1010 10110 V 6 C VH 3 B
B 1011 10111 R 7 D K 2 A
C 1100 11010 4 VH A E S D
D 1101 11011 5 V B F J C
E 1110 11100 V H VH C I F
F 1111 11101 T V K D 0 E
i n Tabl e 2. For exampl e, J occurs three t i mes i n the mi ddl e f our col umns (correspondi ng
to the i ntrasymbol errors) of Tabl e 2. Assumi ng each of the 16 data symbol s i s equal l y
f requent , and that each of the ve code cel l s i s equal l y l i kel y to be aected, thi s corresponds
to 3
(16)(5)
=3:75%
To study i ntersymbol errors, one needs to anal yze al l (16)(16) =256 data symbol pai rs.
The resul t s of thi s anal ysi s const i tute the bottomhal f of Tabl e 3.
I n FDDI , many errors wi l l be detected because the resul t i ng code- bi t pattern may transl ate
to a viol ation or inval id symbol . The MAC l ayer keeps a count of f ormat errors due to
such symbol vi ol at i ons.
Some of the other errors wi l l be detected i f the resul t i ng code- bi t pattern transl ates to a
control symbol whi ch makes the f rame an i nval i d f rame, f or exampl e, a data f rame endi ng
wi th a symbol Rrather than T. Such errors cal l ed framing viol ations are al so counted by
the MACl ayer as f ormat errors.
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Tabl e 3: Percentage of Data Symbol Errors
Resul ti ng Count Percent
Symbol
I ntrasymbol errors:
Data 32 40. 00%
J 3 3. 75%
K 4 5. 00%
R 1 1. 25%
S 2 2. 50%
T 3 3. 75%
H, I , V, VH 19 23. 75%
Subtotal 64 80%
Intersymbol errors:
Data- data 84 6. 56%
Data-T 14 1. 09%
Data-R 14 1. 09%
Data- S 14 1. 09%
At l east one
H, I , V, VH 130 10. 16%
Subtotal 256 20%
Total 100. 00%
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Tabl e 3 al l ows us to bound the probabi l i t i es of symbol vi ol at i ons and f rami ng vi ol at i ons
as f ol l ows:
1. 33. 91%of the data errors resul t i n I , V, or Hsymbol s, whi chwi l l cause the MACl ayer
to prematurel y termi nate the f rame and repl ace the remai ni ng part of the f rame by
Idl e symbol s. We cal l thi s symbol viol ation.
2. 46. 56%of the data errors resul t i n other data symbol s and wi l l not be detected by
f rami ng vi ol at i ons or symbol vi ol at i ons.
3. The remai ni ng 19. 53%of data errors resul t i n control symbol s whi ch may or may
not be detected by f rami ng vi ol at i ons.
For those errors that resul t i n newdata symbol s, i t i s i nterest i ng to anal yze the data- bi t
error patterns. The resul t s of thi s anal ysi s are presented i n Tabl e 4. For each of the 16
data symbol s, s i x possi bi l i t i es are presented. Adash ( - ) i s used to i ndi cate the cases i n
whi ch the resul t i ng symbol i s a nondata symbol . Not i ce that even though a si ngl e noi se
event can aect up to two symbol s, i t never aects more than f our data- bi t s.
Not i ce f romTabl e 4 that not al l error patterns are equal l y l i kel y. By count i ng the number
of t i mes an error pattern appears i n thi s tabl e we can compute the f requency of vari ous
error patterns. Thi s i s shown i n Tabl e 5. Agai n, i ntrasymbol and i ntersymbol errors have
to be consi dered separatel y. For exampl e, of the 256 possi bl e data symbol pai rs, 28 wi l l
resul t i n a data- bi t error pattern of 0001- 0110, thereby, account i ng f or28
(256)(5)
=2: 19%of
al l data symbol errors. Not i ce that the sumof al l data error pattern percentages i s 46. 56%,
whi ch i s consi stent wi th that i n Tabl e 3.
8 Fr a me Er r o r Ra t e
Af rame error resul t s i f the noi se event aects any of the F code cel l s i n the f rame. Al so,
a noi se i n the code cel l i mmedi atel y precedi ng the start i ng del i mi ter wi l l aect the rst
code- bi t of the f rame. Gi ven that each code- cel l has a probabi l i ty p of bei ng hi t wi th noi se,
i t i s easy to compute the probabi l i ty of no errors i n any of the F +1 code- cel l s on any of
the L l i nks.
P(No error i n F +1 code- cel l s on any of the L l i nks) =(1  p )L(F+1)
P(Frame error) =1  (1  p )L(F+1)  p LF f or p LF 1
14
Tabl e 4: Data Error Patterns
Symbol Error Pattern
Bi t Posi t i ons Changed
1 1, 2 2, 3 3, 4 4, 5 5
0 0110 - 1000 - 1111 -
1 - - - 0110 0101 -
2 - - - 1010 1001 0001
3 - - - 1010 1001 0001
4 1000 1100 - - 0101 0001
5 1000 1100 - - - 0001
6 0110 1100 - - - 0001
7 - 1100 - 0110 - 0001
8 - 1100 1000 1010 - 0001
9 - 1100 - 1010 - 0001
A - 1100 0110 - 1001 0001
B - 1100 0110 - 1001 0001
C 1000 - 0110 0010 - 0001
D 1000 - 0110 0010 - 0001
E - - - 0010 - 0001
F - - - 0010 1111 0001
- ) The resul t i ng symbol i s a nondata symbol .
Tabl e 5: Frequency of Data Error Patterns
Error Count Percent
Pattern
0010 4 5. 00%
0101 2 2. 50%
0110 6 7. 50%
1000 2 2. 50%
1001 4 5. 00%
1010 4 5. 00%
1100 8 10. 00%
1111 2 2. 50%
0001- 0110 28 2. 19%
0001- 1000 56 4. 38%
Total 46. 56%
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The mean t i me between f rame errors ( somet i mes ref erred to as error f ree seconds) can be
computed i f we knowthe mean t i me between f rame arri val s. Thi s t i me woul d be smal l est
on a f ul l y ut i l i zed ri ng.
Frames per second on a f ul l y ut i l i zed l i nk 
B
F
Frames wi th error per second =
B
F
f1  (1   p )L(F+1)g
MT(Frame errors) =
1
B
F
f 1  (1  p )L(F+1)g

1
BpL
On l arge ri ngs wi th l arge f rames, the f rame error probabi l i ty comes out to 1. 13%and the
mean t i me between f rame errors i s 32 mi l l i seconds. I f thi s error probabi l i ty i s consi dered
too hi gh to be acceptabl e, the sol ut i on i s to f urther rest ri ct al l owabl e val ues of L, F , or p .
That i s , decrease the number of l i nks al l owed on a ri ng, or decrease the maxi mumf rame
si ze al l owed on the ri ng, or al l owonl y hi gher qual i ty components on the ri ng.
9 To ke n Lo s s Ra t e
As descri bed earl i er, the FDDI token consi st s of s i x symbol s, i . e. , 30 code cel l s . Error i n
any code cel l or the code cel l i mmedi atel y precedi ng wi l l cause the next stat i on not to
recogni ze the token resul t i ng i n a token l ost event , whi ch wi l l eventual l y requi re the ri ng to
be rei ni t i al i zed wi th a newtoken. The probabi l i ty of thi s event occurri ng duri ng one pass
around the ri ng can be computed i n a manner si mi l ar to that f or f rame error rate wi th a
f rame si ze of F=30 code- bi t s.
P(Token l oss per token rotat i on) =1  (1  p )31L  31p L
On l arge ri ngs the probabi l i ty of token l oss i s 7. 75E- 6. On an i dl e ri ng, the token i s
cont i nuousl y rotat i ng around the ri ng. The mean t i me between token l oss under such
condi t i ons can be computed as f ol l ows:
MT(Token l oss on an i dl e ri ng ) =
Ri ng l atency
P(Token l oss per rotat i on)
=
D
31p L
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For a l arge ri ng the ri ng l atency i s 1. 773 mi l l i seconds, whi ch yi el ds a mean t i me between
token l oss of 3. 82 mi nutes. Thi s i s not the worst case t i me. For a gi ven l i nk BER, the
t i me wi l l be l arger on busy ri ngs and smal l er on i dl e ri ngs of smal l er cabl e l ength. Si nce
the ri ng l atency i s general l y proport i onal to the number of l i nks (D/ L) , the onl y way to
i ncrease thi s t i me ( i f unacceptabl e) i s to al l owonl y better qual i ty l i nks (wi th l ower BER).
I t shoul d be poi nted out that there are two types of tokens: rest ri cted and non- rest ri cted.
These two types have been desi gned to di er f romeach other i n onl y one code-bit posi t i on.
Si nce a si ngl e noi se event i n the opt i cal components al ways resul t s i n two code- bi t errors,
one event can not change a non- rest ri cted token i nto a restri cted token and vi ce versa.
1 0 FCS Po l y n o mi a l
FDDI uses the f ol l owi ng pol ynomi al f or the f rame check sequence:
g(x) =x32 +x 26+x 23 +x 22 +x 16 +x 12+x 11 +x 10 +x 8 +x 7 +x 5 +x 4 +x 2 +x +1
Thi s pol ynomi al i s al so used i n IEEE 802 LAN standards [ 6, 7, 8] and i n AUTODIN- I I
networks. For di scussi ons rel ated to errors i n IEEE802 protocol s see ref erences [ 12, 15, 19] .
The pol ynomi al was ori gi nal l y sel ected by Hammond et al [ 5] af ter compari ng several 32
bi t FCS pol ynomi al s l i sted i n Peterson and Wel don' s book [ 14] . I t i s l i sted there by i t s
octal representat i on \40460216667".
One way to check i f a f rame has correct FCS woul d be as f ol l ows. Sequent i al l y number the
data- bi t s i n the f rame as 0, 1, 2, 3, . . . start i ng wi th the data- bi t bef ore the endi ng del i mi ter
and worki ng backwards unt i l the rst data- bi t af ter the start i ng del i mi ter. Let the ith
data- bi t be bi, bif 0; 1g . The f rame can then be represented by the pol ynomi al :
f(x ) =
X
i
bix
i
I f the remai nder Mod(f (x ) ; g (x ) ) i s zero, the f rame i s sai d to have the correct FCS2.
Thi s FCS pol ynomi al has the f ol l owi ng propert i es:
2Th i s i s a s i mp l i  c a t i o n . Th e FCS i mp l e me n t a t i o n s a s s t a t e d i n t h e s t a n d a r d s s
c o n d i t i o n :
Mo d
 
xnI(x) + x32ff(x) +I (x)g; g(x)

= 0
Here, n is the number of data-bits in the frame including FCS and I (x) =
P
31
i=0
xi. The addition of I(x)
in the above equation is equivalent to complementing the rst 32 data-bits and the last 32 data-bits of the
frame before the divisionoperation.
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1. I t i s a l i near code. Li near codes have the i mportant property that the \sum" of two
code words i s al so a code word [ 14] . For FDDI and IEEE802 protocol s, thi s i mpl i es
that i f we take any two val i d f rames and do the f ol l owi ng:
(a) Ri ght - al i gn the f rames,
(b) Compl ement the rst and the l ast 32 bi t s of each f rame,
(c) Take a bi t -wi se excl usi ve- or of thei r data- bi t s, and
(d) Compl ement the rst and the l ast 32 bi t s of the resul t
The resul t i ng data- bi t sequence woul d f orma f rame wi th a val i d FCS.
2. Addi ng a mul t i pl e of the di vi sor (FCS pol ynomi al ) to the di vi dend ( f rame pol yno-
mi al ) does not aect the remai nder. The mi ni mumdegree pol ynomi al s, whi ch are
mul t i pl es of the FCS pol ynomi al f or vari ous Hammi ng wei ghts, are l i sted i n Tabl e
6 [ 16]3. The Hammi ng wei ght of a pol ynomi al i s dened as the number of nonzero
terms i n the pol ynomi al . For exampl e, the 1 +x41678 +x 91639 i s a mul t i pl e of the
FCS pol ynomi al and has a Hammi ng wei ght of three. Al l other pol ynomi al s of l ower
degrees have hi gher wei ghts. Such pol ynomi al s are i mportant because i f we add
thi s pol ynomi al to any f rame, ( thi s corresponds to compl ement i ng 0th, 41678th, and
91639th data- bi t s of the f rame) the resul t i ng FCS woul d st i l l come out OK. Thus,
f or f rames wi th l engths greater than or equal to 91640 data- bi t s (11455 octets) , the
mi ni mumHammi ng di stance between two val i d f rames i s three and the FCS can
detect onl y two and one data- bi t errors. Fortunatel y, thi s does not appl y to FDDI
or IEEE802 si nce they do not al l owsuch l ong f rames.
3. For f rames si ze between 3007 data- bi t s and 91639 data- bi t s, the mi ni mumHammi ng
di stance i s f our and the FCS detects al l three, two, or one data- bi t errors. Thi s
i mpl i es that f or maxi mumsi ze FDDI f rames ( 9000 symbol s or 36000 data- bi t s) ,
the FCS wi l l not detect some f our data- bi t errors. Exampl es of f our data- bi t errors
that wi l l not be detected can be constructed by compl ement i ng the data- bi t s i ,
i +2215, i +2866, and i +3006 i n any val i d f rame. Thi s i s t rue f or al l val ues of i .
Si mi l arl y, statements can be made about other f rame si zes by l ooki ng at the degree
of pol ynomi al s i n Tabl e 6. The maxi mumf rame si ze f or vari ous mi ni mumHammi ng
di stances are l i sted i n Tabl e 7 [ 16] . Fromthi s tabl e we see that i f the f rame l ength
i s rest ri cted to l ess than 375 octets, the mi ni mumHammi ng di stance i s ve.
4. There are 2d possi bl e data- bi t patterns whi ch are d data- bi t l ong. Of these, onl y
2d 32 patterns have val i d FCS. Thi s i s because gi ven any data- bi t pattern of d   32
we can compute i t s FCS and append i t to make a val i d d data- bi t pattern. Thus,
3The polynomials corresponding to Hammingweight of 8 and11were incorrect in [16]. The polynomials
given inTable 6 are correct.
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Ta b l e 6: Mul t i pl es of FCS Pol ynomi al
Hammi ng Mi n i mumDe g r e e Po l y nomi a l
We i g ht
3 1 +x 41678+x 91639
4 1 +x 2215+x 2866+x 3006
5 1 +x 89 +x 117+x 155 +x 300
6 1 +x 79 +x 85 +x 123 +x 186+x 203
7 1 +x 45 +x 53 +x 74 +x 80 +x 120 +x 123
8 1 +x 5 +x 13 +x 16 +x 36+x 41 +x 88 +x 89
9 1 +x 2 +x 3 +x 18 +x 19 +x 32 +x 37 +x 57 +x 66
10 1 +x 3 +x 7 +x 25 +x 27 +x 30 +x 33 +x 36 +x 38 +x 53
11 1 +x 5 +x 7 +x 16 +x 31 +x 32 +x 35 +x 37 +x 41 +x 43 +x 44
12 1 +x 3 +x 5 +x 7 +x 8 +x 13 +x 18 +x 21 +x 24 +x 26 +x 30 +x 42
13 1 +x+x 6 +x 15 +x 18 +x 20 +x 23 +x 29 +x 33 +x 35 +x 37 +x 40 +x 42
Ta b l e 7: Hammi ng Di stance of FCS Pol ynomi al
Hammi ng Ma x Fr ame Si ze
We i g ht Da t a - Oc t e t s
Bi t s
3 91639 11454
4 3006 375
5 300 37
6 203 25
7 123 15
8 89 11
9 66 8
10 53 6
11 44 5
12 42 5
13 42 5
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the probabi l i ty of any randoml y constructed d data- bi t pattern to have a val i d FCS
i s 2
d 32
2d
or 2 32 or 2. 33E- 10.
5. I f there are several data- bi t s i n error i n a f rame, the group of data- bi t s begi nni ng
f romthe rst data- bi t i n error up to the l ast data- bi t i n error i s cal l ed an error burst .
The burst si ze b i ncl udes the rst and the l ast data- bi t s (whi ch are i n error) and al l
i ntermedi ate data- bi t s (whi ch may or may not be i n error) . The FCS pol ynomi al
detects al l error bursts of si ze 32 or l ess. Thus, i f several noi se events aect a f rame
such that the resul t i ng error burst i s l ess than 32 data- bi t s, the FCS wi l l detect i t .
The f ract i on of error bursts l arger than 33 data- bi t s that are not detected i s 2 32.
For bursts of si ze exact l y 33 data- bi t s, thi s f ract i on i s 2 31 [ 14] .
Thi s property i mpl i es that al l s i ngl e noi se events wi l l be detected by the FCS si nce
the event woul d produces a burst of at most f our data bi t s.
The above statements do not say anythi ng about two noi se events that aect symbol s f ar
apart . One may suspect that some two noi se events wi l l not be detected by the FCS.
Fortunatel y, thi s i s not so. We know f romthe previ ous sect i on, that there are onl y ten
possi bl e error patterns. An exhaust i ve search usi ng a computer programshowed that the
FCS pol ynomi al detects al l possi bl e two noi se events. Some combi nat i ons of three noi se
events are not detected. For exampl e, i f we sequent i al l y number the symbol posi t i ons of
an FDDI f rame as 0, 1, 2, . . . start i ng f romthe l ast symbol posi t i on of the FCS el d and
proceedi ng backwards toward the FCel d, and we i ntroduce error patterns 1010, 1111,
and 0010 i n posi t i ons i , i +625, i +3605, respect i vel y, the resul t i ng f rame wi l l st i l l have a
val i d FCS f or al l val ues of i . Acompl ete l i st of other possi bl e three noi se events that wi l l
not be detected i s shown i n Tabl e 8. The search i ncl uded the possi bi l i ty that a symbol
may be aected by more than one noi se events.
Al so l i sted i n the tabl e are the correspondi ng probabi l i t i es. For exampl e, to compute the
probabi l i ty correspondi ng to the rst l i ne of the tabl e, we observe that onl y 5%of the data
errors resul t i n error pattern 1010, 2. 5%of data errors resul t i n the error pattern 1111, and
5%of the data errors resul t i n the pattern 0010. A f rame has (F   50)=5 data symbol s,
theref ore, 0  i < (F 50
5
  3605) . The symbol error probabi l i ty i s 5p. Assumi ng that there
are L=2 l i nks on an average between the source and dest i nat i on, the requi red probabi l i ty
i s :
P(Posi t i ons i ; i +625; i +3605 are aected by error
patterns 1010, 1111, and 0010 respect i vel y) =
X
8i
(0: 05 5p) (0: 025 5p) (0: 05  5p) (0: 5L
=
X
8 i
(7. 8125E- 3)p3(0: 5L)
= (
F   50
5
  3605)(7. 8125E- 3)p3(0: 5L)
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Tabl e 1: Compl ete Li st of Three Noi se Events not Detected by the FDDI FCS
Noi se 1 Noi se 2 Noi se 3 Probabi l i ty
Symbol Error Symbol Error Symbol Error For Large
Posi t i on Pattern Posi t i on Pattern Posi t i on Pattern Ri ngs
i 1010 i +625 1111 i +3605 0010 3. 29E- 25
i 1000 i +1366 1001 i +6398 0010 1. 58E- 25
i 1001 i +1630 1001 i +5509 1000 2. 12E- 25
i 1111 i +1835 1001 i +8404 0101 1. 79E- 26
i 0010 i +1947 1111 i +3096 1000 1. 80E- 25
i 1100 i +2239 00010110 i +3289 0110 9. 14E- 25
i 0101 i +3881 00011000 i +5609 0110 2. 71E- 25
i 1100 i +3882 0010 i +5609 1000 4. 13E- 25
i 00011000 i +4209 1111 i +8972 00010110 3. 98E- 28
i 1001 i +6092 0110 i +6340 0101 2. 43E- 25
Total 2. 74E- 24
= (
F   50
5
  3605)(3. 91E- 3)p3L
The total probabi l i ty of undetected errors i s obtai ned by summi ng i t f or al l possi bl e pat -
terns l i sted i n the tabl e. For the l argest si ze f rames thi s probabi l i ty i s 2. 74E- 24. For other
f rame si zes the probabi l i ty i s approxi matel y ( 3. 89E- 03)p3LF.
Usi ng the computer program, we al so tri ed to prepare a tabl e of f our noi se events that
wi l l not be detected. The tabl e became too l arge much bef ore reachi ng compl et i on. The
i ncompl ete part di d veri f y the theoret i cal argument that the f ract i on of undetected f our
noi se events i s 2 32. Thi s bei ng so, the probabi l i ty of undetected errors due to f our noi se
events can be computed as f ol l ows:
P(Four noi se events not causi ng
symbol or FCS vi ol at i ons) =
 
F   50
4
!
(0: 4656p)4(1  p)(F 50 4)(L=2)(2 32)

f 0: 4656p(F   50)g4(L=2)(2 32)
24
 ( 2. 28E- 13)p4F 4L
 ( 2. 28E- 13)p4F 4L
On l arge ri ngs wi th l arge f rames, the probabi l i ty of undetected errors due to f our noi se
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Ta b l e 9: Maxi mumFrame Si ze vs Detected Noi se Events on FDDI
# of Maxi mumFrame Si ze
Noi se Symbol s Octets
Events Data Non- data Total
3 3096 10 3106 1553
4 434 10 444 222
5 30 10 40 20
events i s 3. 64E- 30. Probabi l i t i es f or l arger number of noi se events can be cal cul ated
si mi l arl y.
The rel at i onshi p between maxi mumf rame si ze and the maxi mumnumber of noi se events
per f rame al l owed on FDDI i s shown i n Tabl e 9. Fromthi s tabl e we see that i f the f rame
si ze i s l i mi ted to 3106 symbol s (3096 data symbol s, f our Idl e symbol s i n the preambl e,
and si x control symbol s f or the del i mi ters and status i ndi cators) , the FCS wi l l detect al l
three noi se events. For f rames shorter than 444 symbol s, the FCS wi l l detect al l f our noi se
events. The correspondi ng number f or ve noi se events i s 40 symbol s.
11 Mergi ng Frames
On a dual (counter- rotat i ng) ri ng, dual at tachment stat i ons connect to both (pri mary and
secondary) ri ngs. Some of these dual stat i ons, cal l ed concentrators, may oer addi t i onal
at tachment poi nts f or other stat i ons. The dual stat i ons and concentrators can i nternal l y
recongure thei r data paths to al l ow stat i ons to be added to the ri ng or to be removed
f romthe ri ng. I f a stat i on i s al l owed to go on/o the ri ng i mproperl y, f rames or parts
of f rames on the ber connect i ng the stat i on to/f romthe concentrator may be l ost . I t
i s possi bl e to l ose parts of two f rames such that the resul t i ng data- bi t pattern i s a val i d
f rame as shown i n Fi gure 4. Si nce the FCS i s 32 data- bi t s l ong, the probabi l i ty that any
data- bi t pattern has a val i d FCS i s 2 32 or 2. 33E- 10 or one i n 4. 34E+9. In other words,
one i n every 4. 34 bi l l i on merged f rames wi l l have a correct FCS. Thi s may or may not be
acceptabl e dependi ng upon the f requency of stat i ons goi ng on/o the ri ng and the number
of stat i ons. To avoi d f rame mergi ng, i t i s recommended that the swi tchi ng be done onl y
duri ng i dl e l i ne states or that a f ormat error be f orced on i ncompl ete f rames every t i me a
stat i on goes on/o the ri ng.
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I J K FC DA SA INFO FCS T R/S R/S R/S
I J K FC DA SA INFO FCS T R/S R/S R/S
Fi g ur e 4 : Two f rames may merge to produce one val i d f rame.
12 Fal se Endi ng Del i mi ter
FDDI uses a f rame- endi ng del i mi ter of a si ngl e symbol T. However, wi th enhanced f rame
val i di ty cri teri a, the Tsymbol must be f ol l owed by an E i ndi cator wi th val ue R. Thus, we
need at l east two noi se events changi ng two data symbol s to a TRpai r and create a f al se
endi ng del i mi ter. I f we exami ne thi s i n more detai l we nd that data symbol s changi ng to
TRresul t i n three possi bl e scenari os:
1. The Tappears i n FC, DA, or SAel ds. Thi s i s counted as a f rami ng vi ol at i on. The
f ract i on of such f al se Ti s130
(F 50)
, where 130 code- bi t s (13 octets assumi ng 12 symbol
addresses) of the total F   50 code- bi t s const i tute these el ds. The remai ni ng 50
code- bi t s are used by the preambl e, SD, ED, and FS el ds.
2. The Tappears i n the second symbol of an octet i n the INFOel d. Thi s resul t s i n
an odd number of data symbol s between SDand ED. Thi s i s al so counted as f rame
vi ol at i on. Thi s f ract i on i s(F 180)
(2F)
. Thi s approxi mates to about 50%.
3. The T appears i n the rst symbol of an octet i n the INFOel d. Thi s wi l l resul t
i n a premature termi nat i on of the f rame. Agai n, thi s f ract i on i s(F 180)
2F
. I n other
words, about hal f of the errors convert i ng a data symbol to Twi l l not be detected
by f rami ng vi ol at i ons.
I t i s al so possi bl e that f or some of these f rames wi th f al se ED, the FCS checks out OK!
The probabi l i ty of thi s i s a product of the probabi l i ty of the f ol l owi ng events:
1. Anoi se event aects a data symbol .
2. The data symbol i s the rst symbol of an octet .
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3. the data symbol becomes a T.
4. Another noi se aects the next data symbol .
5. The second data symbol becomes an R.
6. FCS i s correct .
The probabi l i ty of the second event i s 0. 5. That of the si xth event i s 2 32. The probabi l i ty
of the thi rd event i s 4. 84%(sumof 3. 75%and 1. 09%i n Tabl e 3) , and that of the f th event
i s 1. 25%(note that i ntersymbol errors resul t i n Ronl y i f the previ ous symbol becomes a
data symbol , hence they are not added i n thi s probabi l i ty) . Thus,
P(UE due to f al se ED) = (P(a data symbol i n odd posi t i on becomi ng T))
(P(FCS OK))
(P(the next data symbol becomi ng an R))
= (0: 0484 5p)

F   180
5

1
2
 
L
2

(2 32) (0: 0125 5p)
 ( 1. 76E- 13)p2LF
and
MT(UEdue to f al se ED) =
1
B
F
( 1. 76E- 13)p2LF
=
1
( 1. 76E- 13)Bp2L
For l arge ri ngs and l arge f rames, the probabi l i ty of undetected errors i s 4. 93E- 25 and
the mean t i me between undetected errors i s 2. 31E+13 years. Thi s i s acceptabl e f or most
appl i cat i ons.
13 Fal se Start i ng Del i mi ter
I n FDDI , each f rame starts wi th a JKsymbol pai r. I t i s possi bl e to have two or more
noi se events so that we get a val i d start i ng del i mi ter. Usi ng the percentages speci ed i n
Tabl e 3 and f ol l owi ng a methodol ogy si mi l ar to that f or the f al se ED, we can compute the
probabi l i ty of undetected errors due to f al se SDas f ol l ows:
P(UEdue to f al se SD) =(0: 03755p) (0: 055p)

L
2
 
F   180
5
 
1
2

(2 32)  ( 5. 46E- 13)LFp2
and
MT(UEdue to f al se SD) =
1
( 5. 46E- 13)BLp2
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For l arge ri ngs and l arge f rames, thi s probabi l i ty i s 1. 53E- 24 and the mean t i me between
undetected errors i s 7. 47E+12 years. Thi s may be consi dered acceptabl e f or most appl i -
cat i ons. Further, the start i ng del i mi ter i s actual l y st ronger than thi s si nce some of the
f rames consi dered val i d i n the above anal ysi s wi l l have nonexi stent dest i nat i on addresses
and i nval i d f rame control el ds.
The anal ysi s presented above assumes that JKcode- bi t pattern ` 1100010001' appears on
a symbol boundary. I t does not account f or cases i n whi ch the pattern may appear at
non- boundary posi t i ons. FDDI PHY l ayer wi l l recogni ze such non- boundary JK' s and
establ i sh a new symbol boundary f or the remai ni ng stream. Anal ysi s of such cases i s
current l y underway and wi l l be reported el sewhere [ 10] . I t shoul d be poi nted out though
that such non- boundary cases can be caused by a si ngl e noi se event and are much more
l i kel y than boundary cases anal yzed here.
14 Need f or Enhanced Val i di ty Cri teri a
The anal ysi s presented so f ar assumed enhanced f rame val i di ty cri teri a and f rame- status
i ndi cator handl i ng rul es. I n thi s sect i on we quant i f y the eect of these enhancements and
j ust i f y thei r need.
In general , the enhancements guarantee that al l noi se events requi red to create an unde-
tected errors must al l appear on the same l i nk. Thi s i s because i f the noi se events happen
on two di erent l i nks, the errors wi l l be detected by the stat i on at the end of the rst l i nk
and the f rame wi l l be marked i nval i d wi th E i ndi cator set . I t i s not possi bl e f or a si ngl e
noi se event to change S to an R.
I f E i ndi cator i s not mandatory, the endi ng del i mi ter woul d consi st of a si ngl e symbol T.
Asi ngl e noi se event can change a data symbol to Tand potent i al l y cause the f rame to end
prematurel y.
P(UEdue to f al se EDw/o enhancements) = (0: 0484 5p)

L
2
 
F   180
5
 
1
2

(2 32)
 ( 2. 82E- 12)pLF
and
MT(UEdue to f al se EDw/o enhancements) =
1
( 2. 82E- 12)pLB
For l arge ri ngs and l arge f rames, the probabi l i ty i s 3. 16E- 14. Thi s may be consi dered
unacceptabl e f or some appl i cat i ons.
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Wi thout the enhancements, the f ormul a f or undetected errors due to FCS woul d al so be
di erent . Wi thout the enhancements, E i ndi cator i s not mandatory. I t i s possi bl e f or a
f rame wi thout the E i ndi cator to be aected by noi se events on three di erent l i nks such
that af ter the thi rd event the f rame has a correct FCS and thus resul t s i n an undetected
error. Assumi ng that there are l l i nks between the source and dest i nat i on, the probabi l i ty
of a si ngl e error i s pl and that of three errors i s p3l3. Assumi ng al l val ues of l between 1
and L  1 are equal l y l i kel y, the average probabi l i ty of three noi se events woul d be p3L
3
4
( si nce average of 13, 23, 33, . . . , (L 1)3 i s approxi matel y1
4
L3) . The approxi mate expressi on
f or probabi l i ty of undetected errors due to three noi se events i s ( 1. 95E- 03)p3L3F. Thus,
the enhancements i mprove thi s by a f actor of 0: 5L2
Si mi l arl y, the average of 14, 24, 34, . . . , (L  1)4 i s approxi matel y1
5
L4. The expressi on f or
probabi l i ty of undetected errors due to f our noi se events wi thout enhancements woul d be
( 9. 12E- 14)p4F 4L4. The enhancements i mprove thi s by a f actor of 0: 4L3.
15 Other (opt i onal ) Enhancements
The pri nci pal reason f or ori gi nal l y maki ng al l status i ndi cators opt i onal was that some i m-
pl ementat i ons of FDDI MACs may save costs by not checki ng the f rame status i ndi cators.
However, i f the E i ndi cator becomes mandatory, the i mpl ementat i ons may check the next
two f rame status i ndi cators A and C as wel l . The i ncremental compl exi ty to do thi s i s
smal l . Let us rst anal yze the i mpact of maki ng the Ai ndi cator mandatory.
15.1 Option 1: A Indi cator Must Be R or S
Thi s opt i on woul d requi re that f rame sendi ng and recei vi ng stat i ons wi l l t reat a f rame as
i nval i d whose A i ndi cator i s not Ror S. In other words, i f A i ndi cator i s not avai l abl e i t
wi l l be treated the same way as i f the E i ndi cator was set . The Ai ndi cator i s not reset or
set by any stat i on. The recei vi ng stat i on sets the Ai ndi cator i f and onl y i f i t i s an R.
A i ndi cator checki ng i s not an al ternat i ve to E i ndi cator checki ng. We assume that thi s
opt i on woul d be consi dered onl y i f the Ei ndi cator checki ng has al ready been i mpl emented.
Impl ement i ng thi s opt i on f urther reduces the probabi l i ty of f al se endi ng del i mi ters. At l east
three noi se events are requi red to create a val i d endi ng del i mi ter. FromTabl e 3, we nd
that the probabi l i ty of get t i ng an R/S f romdata symbol s i s 1. 25+2. 5=3. 75%. Note that
i ntersymbol errors can resul t i n R/S onl y i f the previ ous symbol becomes a data symbol ,
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hence they are not added i n the above probabi l i ty.
P(UEdue to f al se EDwi th opt i on 1) = (0: 0484 5p)

F   180
5
 
1
2
 
L
2

(2 32)
(0: 0125 5p) (0: 0375 5p)
 ( 3. 30E- 14)p3LF
and
MT(UEdue to f al se EDwi th opt i on 1) =
1
B
F
( 3. 30E- 14)p3LF
=
1
( 3. 30E- 14)p3BL
For l arge ri ngs, the probabi l i ty i s 2. 32E- 35 and the mean t i me between undetected errors
i s 4. 92E+23 years. Thi s rul e reduces the undetected error rate by a f actor of 4. 70E- 11.
I t must be poi nted out that thi s opt i on makes the endi ng del i mi ter st ronger than the FCS
and the start i ng del i mi ter. Thus, even though, the probabi l i ty of undetected errors due to
f al se endi ng del i mi ter decreases consi derabl y, the net undetected error rate remai ns cl ose to
that due to f al se FCS or due to a f al se start i ng del i mi ter and does not change. Ai ndi cator
checki ng at the dest i nat i on shoul d, theref ore, be opt i onal rather than a requi rement .
15. 2 Opti on 2: C Indi cator Must Be Ror S
Thi s rul e woul d f urther st rengthen the endi ng del i mi ter by requi ri ng that i f C i ndi cator
i s not Ror S, the f rame be treated as i nval i d. The eect of thi s i s s i mi l ar to that of the
previ ous opt i on, i . e. , the net gai n of thi s rul e i s 4. 69E- 11. Agai n, thi s reduces undetected
errors due to f al se endi ng del i mi ter but does nothi ng to the total undetected error rate as
that i s nowgoverned by the FCS and the f al se start i ng del i mi ter and theref ore, thi s rul e
shoul d al so be opt i onal .
16 Summary
We have quant i ed the i mpact of vari ous encodi ng and f rame f ormat deci s i ons f or FDDI .
In part i cul ar, the i mpact of NRZI encodi ng, wi th 4B/5Bcodi ng, FCS pol ynomi al , start i ng
del i mi ter JK, endi ng del i mi ter T, and opt i onal f rame status i ndi cators on the undetected
27
error rates was anal yzed i n detai l . The numeri cal resul t s f or 4500 octet f rames on l arge
FDDI ri ngs wi th 1000 l i nks each wi th a noi se event probabi l i ty (BER) of 2. 5E- 10 are
summari zed i n Tabl e 10. By changi ng each of the three key parameters, namel y, noi se
event probabi l i ty, number of l i nks, and f rame si ze, by a f actor of 10 and recomput i ng
the resul t s as shown i n tabl e 10, we can get a sense of sensi t i vi ty of the resul t s to these
parameters.
The resul t s of thi s anal ysi s are as f ol l ows:
1. A si ngl e noi se event that resul t s i n mi sj udgi ng the opt i cal s i gnal l evel duri ng one
code cel l al ways resul t s i n two code- bi t errors. Thi s may resul t i n one or two symbol
errors and up to f our data- bi t errors.
2. For l arge ri ngs, the f rame l oss rate or token l oss rate may be too hi gh f or some
appl i cat i ons and theref ore i t may be pref erabl e to use hi gher qual i ty l i nks, a smal l er
number of stat i ons, or shorter f rames.
3. Several characteri st i cs of the FCS pol ynomi al were i nvest i gated and i t was deter-
mi ned that i t detects al l one or two noi se events and that some three noi se events
may not be detected by the pol ynomi al . For f rames of 1553 octets or shorter i t can
protect agai nst al l three noi se events.
4. A f al se start i ng del i mi ter of JKcan be generated (on a symbol boundary) by two
noi se events.
5. Af al se endi ng del i mi ter of TRcan be generated by two noi se events.
6. I f E i ndi cator i s not mandatory and i f stat i ons are al l owed to reset the E i ndi cator,
the undetected error rates due to f al se endi ng del i mi ter may be unacceptabl e f or
some appl i cat i ons.
7. The A- and C- i ndi cators may al so be opt i onal l y checked. However, i t does not
decrease the total probabi l i ty of undetected errors.
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Tabl e 2: Summary of Error Rates For FDDI Ri ngs 
Quant i ty Uni t Large BER= 100 450 Octets
Ri ngs 2. 5E- 11 Li nks Frame
P(Frame error) 1. 13E- 02 1. 13E- 03 1. 13E- 03 1. 13E- 03
MT(Frame error) ms 32. 320. 320. 32.
P(Token l oss per token rotat i on) 7. 75E- 06 7. 75E- 07 7. 75E- 07 7. 75E- 06
MT(Token l oss on an i dl e ri ng) sec 229. 2288. 229. 229.
P(FCS not detect i ng 3 noi se events) 2. 74E- 24 2. 74E- 27 2. 74E- 25 0y
MT(FCS not detect i ng 3 noi se events) year 4. 17E+12 4. 17E+15 4. 17E+13 1
P(FCS not detect i ng 4 noi se events) 3. 64E- 30 3. 64E- 34 3. 64E- 31 3. 49E- 34
MT(FCS not detect i ng 4 noi se events) year 3. 14E+18 3. 14E+22 3. 14E+19 3. 27E+21
P(UEdue to f al se ED) 4. 93E- 25 4. 93E- 27 4. 93E- 26 4. 75E- 26
MT(UEdue to f al se ED) year 2. 31E+13 2. 31E+15 2. 31E+14 2. 40E+13
P(UEdue to f al se SD) 1. 53E- 24 1. 53E- 26 1. 53E- 25 1. 47E- 25
MT(UEdue to f al se SD) year 7. 47E+12 7. 47E+14 7. 47E+13 7. 75E+12
Wi thout enhanced E i ndi cator handl i ng rul es:
P(UEdue to f al se ED) 3. 16E- 14 3. 16E- 15 3. 16E- 15 3. 04E- 15
MT(UEdue to f al se ED) year 362. 3616. 3616. 375.
P(FCS not detect i ng 3 noi se events) 1. 37E- 18 1. 37E- 21 1. 37E- 21 0y
MT(FCS not detect i ng 3 noi se events) year 8. 34E+06 8. 34E+09 8. 34E+09 1
P(FCS not detect i ng 4 noi se events) 1. 45E- 21 1. 45E- 25 1. 45E- 25 1. 40E- 25
MT(FCS not detect i ng 4 noi se events) year 7. 85E+09 7. 85E+13 7. 85E+13 8. 17E+12
Wi th opt i onal Ai ndi cator handl i ng rul es:
P(UEdue to f al se ED) 2. 32E- 35 2. 32E- 38 2. 32E- 36 2. 30E- 36
MT(UEdue to f al se ED) year 4. 92E+23 4. 92E+26 4. 92E+24 4. 97E+23
Parameters i f unspeci ed are: 1000 Li nks, BER=2. 5E- 10, 4500 octets f rames.
y FCS detects al l 3 noi se events f or f rames shorter than 1553 octets.
Notat i on: P( . )=Probabi l i ty of , MT(. )=Mean t i me between, UE=Undetected Error
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